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ABSTRACT

This document is the first presenting the accumulation of JPL data on
single event phenomena (SEP), from 1979 to August 1986, in full report format.
It is expected that every two years a supplement report will be issued for the
follow-on period. This data for 135 devices expands on the abbreviated test
data presented as part of Refs. (1) and (3) by including figures of single
event upset (SEU) cross sections as a function of beam linear energy transfer
(LET) when available. It also includes some of the data compiled in the JPL
computer in RADATA* and the SPACERAD data bank.**

This volume encompasses bipolar and MOS (CMOS and MNOS) device data as two
broad categories for both upsets (bit-flips) and latchup. It also includes
comments on less well known phenomena, such as transient upsets and permanent
damage modes.

*RADATA is a continually updated record of all recent JPL data except for
CRRES data. The reader can obtain more recent data there that is not
included in this report.

*%The SPACERAD data bank contains JPL's completed data set for the CRRES
satellite program. All of that data is given herein except for data on
GaAs devices, which are deemed proprietary.
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INDEX OF DEVICE TYPES

The device types described in this report are all listed in Table 1 or
Table 2, as either MOS or bipolar technology, respectively. Much of the data
consists of only one cross section value and an estimate or measurement of the
threshold LET (minimum value of LET for which the cross section, or upset rate,
approaches zero).* Such limited data is also included in Tables 1 and 2.
Devices with more extensive cross section data are presented in the tables and
also as individual figures (cross section vs. LET) on the pages shown in the
Table of Contents and in Tables 1 and 2. A description of vendor identifica-
tion codes is provided in Appendix A. A sample upset rate calculation is
discussed in Appendix B. A tabulation of ion energy and incident beam angle
associated with the effective LET plotted in Figures 4 through 28 is given in
Appendix C. A glossary of terms is given in Appendix D.

*This definition of threshold LET depends somewhat on how large a fluence was
delivered to the part when the zero-upset condition is found. JPL usually
tests to 106 ions/cm? or more when establishing this value.



SECTION I

INTRODUCTION

The data presented in this report describe the results of testing for
single event phenomena (SEP) induced by irradiation with heavy ions having an
atomic number Z > 2. This report specifically excludes the effects of protons
that may induce upsets via another mechanism reported elsewhere (Ref. 1). SEP
includes both single event upset (SEU) (reversible bit flips or soft errors)
and latchup (a high conductivity state that can lead to catastrophic failure).
Other manifestations of heavy-ion induced SEP, not observed by JPL, are
mentioned briefly in Section III for completeness.

SEU data required for a complete device characterization consists of an
SEU device cross section (measured upsets per unit fluence) as a function of
beam linear energy transfer (LET) or dE/dx, the amount of energy deposited
along the path by an ion of known energy. Less complete characterizations
obtained to satisfy more limited objectives may include only the threshold LET
or a single cross-section point for a single ion. A full characterization is
presented as a graph; a partial characterization is included as a line in one
of two tabulations for CMOS (MNOS) and bipolar devices.

All data reported here were taken at tests which were directed by JPL or
in which JPL had a substantial participation through August 1986. Data taken
by others on a piggyback basis at tests where JPL had test direction are
regarded as proprietary and are not reported here. Special runs in support of
modeling studies are reported separately (Ref. 2). Hence, this report has
less breadth (scope) than that given in Ref. (3), in which data from the
Aerospace Corporation is also included. It does, however, have more depth
(with tables and cross section plots).*

The primary heavy ion sources used were the U.C. Berkeley 88-inch
cyclotron, and the Brookhaven and Caltech Van de Graaff accelerators. Other
types of sources (Californium-252 fission source, alpha sources, and the high
energy [l to 2 GeV/amu] Berkeley Bevalac synchrotron) have not been used for
obtaining these data.

With very few exceptions, all data were obtained from sample sizes of one
to three parts. However, data taken at a given time for two or more parts of
a single device type are remarkably similar (<20% difference), in accord with
analytical expectations. Data taken of the same device type in subsequent
tests may occasionally show larger variations. JPL believes that this can be
attributed to:

(1) Effects of total dose (in some instances).

(2) Change in fabrication parameters by the manufacturer without a
change in device number.

*This report also includes the JPL data set for commercial CRRES satellite
parts, completed in June 1987.

1-1



All tests performed by JPL conform with the new ASTM "Guide" (Ref. 4)
which will be released shortly. This guide is the first document defining and
describing good practices for SEP testing, and represents a joint effort by
all major SEP testers as of 1987.

The cost of doing off-site testing includes accelerator rental and travel
costs for a test crew of 6-10 persons to operate around the clock. Test
complexity permits only 3-4 device types to be tested in one 24-~hour period.

A full characterization, requiring several different ions, greatly adds
to the test time and expense. As a result, test data is limited to specific
project objectives. Hence, many devices receive a less than complete
characterization (for example, a "go," '"no-go" test with krypton only). These
considerations are reflected in the data organization described in Section VII.
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SECTION II

DOCUMENT USES AND LIMITATIONS

The purpose of this report is to provide test data for semiconductor
devices (usually those having one or more bistable elements) exposed to heavy
ions. These tests simulate the trace components of heavy ions in intergalac-
tic cosmic rays, radiation belts around some planets, and solar flares. The
data offer a useful radiation response comparison of different devices that
might be considered in the development (circuit design) of a SEP-hard system.
The data also offer a quick method for assisting an engineer to determine
potential weak spots in an existing system.

The data presented here cannot, in any way, be used as a substitute for a
comprehensive testing program of the key devices actually used in a given
system, but is intended as a useful guideline for device selection. 1In
general, SEP device response does not show large lot-to-lot variation, nor is
there a significant difference among manufacturers, using the same technology.
However, as noted earlier, the user must use extreme care in judging whether
existing SEP data for a part is in fact representative of nominally identical
devices proposed for a system, because small changes in design or processing
can result in major SEP effects.

Anomalous or "maverick' device response is not seen with respect to soft
errors. However, the variability in device response to latchup can be fairly
large. Latchup susceptible parts are specifically not recommended for use in
high LET space environments (polar and/or geosynchronous orbit).

It is often useful to have a coarse estimate of how the measured cross-—
section data corresponds to predicted upset rates for a known space heavy-ion
environment. This subject is discussed briefly in Appendix B. It is important
to realize that an accurate prediction requires a computer calculation that
accounts for the LET dependence of the cross section, a realistic estimate of
the heavy ion environment vs. LET, and the effects of ions impinging at an
angle to the chip face.*

*For fairly hard parts (those having an LET threshold of ~40 MeV/[mg/cm2]),
the angle factor affecting the cross section may be as high as 1,000 and will
depend strongly on the shape of the sensitive volume (e.g., its area/depth
ratio). For softer parts, the angle factor has been taken to be 3.
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SECTION III

GENERIC DEVICE TYPE INFORMATION

Some generalized comments or trends appropriate to each generic device
type are provided in the following subsections.

A. MOS DEVICES

PMOS and NMOS devices are always very susceptible to SEP, because of
their low threshold LET (< 10 MeV/[mg/cm2]) and large per-bit cross sections
(>1000 square microns per bit). DRAMs (NMOS technology) are very susceptible
to SEP.

CMOS RAMs show a wide variation in SEU and latchup responses. Bulk
devices generally exhibit latchup with argon (LET = 18 MeV/[mg/cm2]) or
krypton (LET = 37 MeV/[mg/cm?]) unless special fabrication steps have been
employed (e.g., guard rings [see Ref. 5]). Epi-CMOS and CMOS/SOS devices are
very resistant to latchup, although the epi process must use thin layers to
assure latchup immunity. CMOS microprocessors can be very susceptible or very
resistant to SEP. Logic devices are usually resistant.

B. MNOS DEVICES

MNOS (metal nitride oxide semiconductor) devices have not been tested by
JPL. Jim Pickel (Ref. 6) reports that EAROMs (electrically alterable read-only
memories) and gate insulators, which are not subject to soft errors, can
experience hard failures (permanent upsets) when operated in the high field
(write or erase) mode. Pickel postulates that all MNOS structures may be
susceptible to permanent rupture of the dielectric when the device is operated
under high field conditions.

C. BIPOLAR DEVICES

As a general rule, bipolar devices tend to be more susceptible to SEP
than CMOS devices, but have never exhibited heavy-ion induced latchup.
Microprocessors range from very susceptible (LET ~3) to fairly resistant
(LET ~18). A special case intensively studied by JPL was the bipolar
AM2901B 4-bit slice (a component of a microprocessor for JPL's Project
Galileo). When it was found necessary to harden this device, a CMOS part was
designed and fabricated to replace it. Logic device susceptibility depends on
the technology; standard parts are very resistant but other variations (low
power Schottky, etc.) are less so (see Section III.F). All bipolar RAMs are
very susceptible. Two tested digital-to-analog converters were fairly
resistant (LET = 15).
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D. POWER FETS

It is now well-established by experiments of Rockwell (Ref. 7), Aerospace,
Boeing, NASA-Goddard, and others that the class of n-channel power hex-FETs
(power transistors) operated in the "off" mode is susceptible to a
high-current catastrophic burn-out when irradiated with heavy ions. The
burn-out data is given in terms of the maximum percentage of rated voltage
that a part can withstand for a given test ion (krypton, argon, etc.). Some
worst—case data (using highly ionizing krypton) for a few part types show that
they cannot be run at more than 25% of rated voltage, but other parts can be
operated at higher voltages whose value depends on the space environment.

It is established that heavy ions will not affect p-channel devices nor
any device operated in the "on" mode. It is also clear that burn-out
susceptibility depends strongly on the manufacturer.

The subject of power-transistor burn-out is new. More experimental data
is sure to be forthcoming and candidate theories to explain the effect are
just now making their way into print (Ref. 8).

E. ROMS AND PROMS

Fusible link ROMs and PROMs (which have no bistable state circuit
elements) exhibit transients when exposed to highly ionizing ions (argon and
krypton). JPL believes that these transients may propagate as an error in
adjacent circuitry. CMOS PROMs can exhibit latchup, but were generally more
resistant to transient upsets than the bipolar PROMs that were tested.

F. LOGIC DEVICES

Logic devices exhibit a wide range of response to SEP and are listed
separately here in order to show a ranking. The ranking is as follows, with
the most resistant parts listed first:

1) CD4XXX Series CMOS (RCA)

2) Other CMOS logic (LS, HC, HCT, SC)

3) Standard Power Bipolar (54XXX)

4) Other bipolar logic (low power, FAST, Schottky)
5) Low power Schottky bipolar (54LSXXX)

6) Advanced LS bipolar (54ALSXXX)

However, the test data used to establish the above generalizations is
limited, so specific device response data may be required to satisfy systems
SEP evaluations.

G. COMBINATORIAL LOGIC
A. L. Friedman (Ref. 9) reports device disturbances for both
combinatorial and sequential current mode logicy following tests with heavy

ion sources. His data confirms that terminal latch upset is primarily due to
flip-flop toggling rather than by data path combinatorial logic disturbances.
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SECTION IV

RADIATION SOURCES

JPL has used two different types of heavy ion accelerator to obtain the
test data presented here: the U.C. Berkeley 88-inch cyclotron and Van de
Graaff accelerators. The latter include an old facility at the California
Institute of Technology (CIT)* and the Tandem machine at Brookhaven National

Laboratory (BNL).

A. U. C. BERKELEY 88-INCH CYCLOTRON

This machine has been used to generate the majority of data reported
here. It provides the greatest flexibility of test options because it can
supply a number of different heavy ions at a finite number of different
energies. The maximum available ion energy is greater than that energy
corresponding to the maximum LET (~2 MeV/nucleon)**, and ions can be
selected to have adequate penetration (range) through the overlayers of the
delidded devices.

B. VAN DE GRAAFF ACCELERATORS

Early tests were performed at CIT, using a low-energy machine. At
present, all Van de Graaff data are obtained at BNL. These machines have the
advantages of being able to pinpoint low LET thresholds of sensitive devices
where lower energy, lower Z ions of continuously variable energies are
desirable. However, a Van de Graaff has an upper energy limit which may
prevent obtaining higher Z ions of adequate range.

* A new Van de Graaff facility is now available at CIT. JPL expects to use
it for some limited low LET characterizations in the future.

*%* The beam LET has a maximum value at an energy around 2 MeV per nucleon for
most ions. The maximum (called the Bragg peak) arises because (1) higher
energy particles of higher velocity deposit less energy during their

shorter interaction time with the nuclei of the parent material and (2) the

ions with energy less than the Bragg peak are starting to attach electrons
(become neutralized), thereby reducing their interaction with the nucleus.
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SECTION V

BEAM DEVELOPMENT AND DOSIMETRY

The beams used for SEP testing are several orders of magnitude less
intense than those commonly used at accelerator facilities. Hence, special
dosimetry procedures had to be developed, involving the count of individual
iomns.

A. DOSIMETRY

The flux of the beam (103 to 106 ions/cm?/s) is measured by passing
it through a scintillator. In early tests the ions were passed through a very
thin (microns-thick) foil, but in later tests a part of the beam was passed
unimpeded to the device through an annular scintillator. In both cases light
generated by the scintillator was conducted to a photomultiplier tube (PMT)
and counted. Care was taken to adjust the PMT bias to eliminate all noise
pulses while counting all ion pulses. To avoid pulse pile-up in the dosimetry
electronics, the flux never exceeded 3 x 100 ions/cm2/s.

B. UNIFORMITY

Beam uniformity is established initially with a high intensity visual
display on a quartz plate inside the beam tube. After the intensity is
reduced, the uniformity is checked by comparing the beam counts in two
concentric areas. One area is the annular scintillator, and the other is the
area of a surface barrier detector (SBD) located in back of the device position
and operated in the beam counting mode. In some tests additional checks on
the translational uniformity were obtained by sweeping a position-sensitive
detector along one diameter of the beam. A 10% variation in uniformity is
deemed acceptable, but certain test objectives (e.g., '"go' or 'no-go") permit
this criterion to be relaxed.

c. ENERGY MEASUREMENT

The ion energy spectrum measured by the pre-calibrated SBD is displayed
on a multi-channel analyzer screen. Typical full width at half maximum (FWHM)
of the energy peak is a few MeV, corresponding to negligible variation in the
nominal LET. This spectrum measurement is important to insure that the
desired ion is present.
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SECTION VI

TEST SETUP AND PROCEDURES

A schematic overview of the SEP test setup is provided in Figure 1. The
essential feature is a vacuum chamber aligned with a collimated, spatially
uniform beam of particles from the source. Beam measurement equipment and
test electronics are provided inside and outside the chamber.

The JPL vacuum chamber interior is shown in Figure 2. Inside are the
beam collimators/shutters and diagnostic sensors, the PMI/scintillator
assembly and a motorized rotatable and translatable board for positioning the
selected device under test (DUT) at desired angles in the beam.

The test board with sockets for several DUTs is shown in Figure 3,
together with the associated driver logic. Sometimes a device located outside
the beam (a "gold" reference device) is used for signal comparison, sometimes
one half of a test device is used to compare with its symmetrical other half*,
and sometimes an established output is compared with the test output signal to
detect the presence of errors.

Various tester approaches with different capabilities have been used
during the course of the test program. All test capabilities have fast
(<<1 millisec) automatic error reset capability, many have a capability of
distinguishing between long-term upsets and transients (of various time
durations), and all permit a continuous adjustment of the applied parts
voltage. Most tests allow selection of an "all ones," 'all zeroes,"
"checkerboard," or "inverse checkerboard" configuration.

Latchup tests are routinely used for all CMOS devices. When latchup
occurs, one measures the fluence (time-integrated flux) before the onset of
latchup and may repeat measurements several times after manual interrupt and
device cooling. Current-limited power supplies are used to forestall device
burn-out, while allowing the inception of latching current.

A test report is prepared for each facility experiment, in which the test
objectives, background, tester type, test conditions and a descriptive
interpretation of the data are provided. A copy of the raw data is usually
available upon request.

JPL also has an in-house capability for calculating a device upset rate
for a specified radiation environment, using a JPL computer code (contact
Dr. Paul Robinson, Section 513).

*Testing two halves of a DUT in the same beam relies on the fact that two
"simultaneous' upsets will almost never occur.
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SECTION VII

DATA PRESENTATION

All of the JPL experimental data presented in this report is included in
one of two tables. Table 1 includes a list of devices having MOS (CMOS, NMOS,
etc.) technologies, and Table 2 lists bipolar devices. Each table includes a
device description; device number, function (e.g., RAM), technology (e.g.,
CM0OS/S0S), manufacturer, number of bits, effective soft-error threshold* LET,
test facility (e.g., U. C. Berkeley) and comments on anomalous events
(including non-nominal test conditions, and extrapolations). The tables list
a cross section (upsets/fluence) for soft errors (defined as those errors
erased upon subsequent rewrite) obtained with one maximum ionizing beam (Kr or
Br) of normal incidence when known. They also list cross sections on a per
bit basis (in square microns) when known. If more extensive soft-error
cross—-section data vs. LET is available, a reference to a figure giving a plot
is noted in the columm entitled "Remarks." These cross sectional plots are
provided in Figures 4 through 28.

Latchup is indicated when it occurs. No latchup cross sections are
reported because our present test approach does not permit enough measurements
to establish a statistically valid cross section. Standing JPL policy is to
recommend exclusion from JPL systems of all devices that run the risk of
latchup.

LET values include effective LET measurements defined by the relation:
LETgff = (Beam Particle LET) x sec © 0 < 60°

where © is the angle of the beam with respect to the chip's normal. The
validity of this relation depends on a constant LET along the length of the
particle path, and the assumption that the device sensitive volume is thin
compared to the lateral dimensions. The relation also neglects the effect of
funneling which introduces charge collection from regions along the ion track
outside of the device depletion region, as well as several other postulated
conditions.

Several instances have been noted where soft error measurements do not
confirm this relation (e.g., by comparing argon [having an LET of 18] at a
60° beam angle with krypton [having an LET of 36] at 0°). For the case of
latchup, the concept of an effective LET is often less useful.

*JPL defines the threshold LET as that value of the LET where soft errors
(upsets) first appear for fluences exceeding 106 ions/cm2. Other
experimentalists define it differently; e.g., as that value of LET where the
cross section is 10% of the maximum measured cross section. These differences
in definition can lead to widely different reported threshold LET values.
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The statistics for SEP testing are very meager because of:

(1) The high cost of testing individual parts.

(2) The similarity of test data for devices from a given lot.**

However, devices of a different vintage may have a very different SEP
response. Also, latchup data is more likely to exhibit a wide variation in

behavior than data on soft errors.

The figures presenting data indicate a statistical spread in response as
follows:

(1) Two devices (error bars show minimum and maximum values).
(2) Three or more devices (error bars are one standard deviation).

The precision in repeated measurements of the same part (e.g., same
serial number) always agree within a few percent.

#%A "lot" is defined here as a group of contemporary parts from a
manufacturer's single shipment. No wafer-to-wafer type testing, common to
jonizing total dose studies, has been performed by JPL for SEP studies.

7-2



UALITY

ORIGINAL PAGE
OF FOOR QuUALITY

.NEu\wE\>u: L€ =

anbrsAyg @p 3In3Tisul I¥ UOIJO[4d §1 AesaQ tA311198g ZGZT-3TTED LML ST 3D
137 ue Yyaim ‘2DOUIPIOUT [EPWICU JB SUOT u03dKIY ASW QUE-0Z1 103 udAl8 S1 (2duanij/slasdn)

-{eaaydiaad ch.nmz ue 87 31 28nEI3q 213y PIPNIOUT §1 3D1Adp Iejodig,
+$U0130194> Aaaxlag *D'( 48 §ITIT[I2e] I2yjo laduexy ‘Aesig ‘aateITOnyN

‘3jeRin Ap uBA WAPUBL AW ST 23PIY ABQ ST IN¥O t33eRa1D 9p UBA Y2931ED ST LlDx»x
U0T309§ §6010 Y3 ‘paIOU ISIMIBYIO §53|Ulex
*wd/3uw/A3Q U1 aaysueay £83aug ieaur] ST 1dU«

w ‘Ut 88 - 39sdn ON 001~ 89 “ (B4 0) SOWD “ 1062 (71
*33xay papniout 103818634 B) 08
s1 12381831 21q-%9 A1uQ “utr gg - 398dn oN 001< 89 EBIpuBg Y3its SOWO ad1ls A14-% 1067 (€1
7o /8u/AW 81
©3 11 jo 131 uaamlaq
p23820] ploysaiyl dnydie] rut gg - - s> " " A1NG-SOHD " 98008 (Z1
6 314 ut paljold ‘ut gg 000%< z-01 x #°2< > SE9 8111eH 1da-50KD " 98008 (11
(m2u § p1o)
‘ut 88 - 398df ON SL< 9zz/enl oy SO5/SO0KD " 100 493 (01
000¢ vS 03 juajealnby NG - 3asdn oN SL< STIK §11a8H " " 68008 (6
A12a1309dsa1 ‘A¢Q Aesag
PuUE A 01 3® Sploysaiyj ‘eut gg - 39sdy oN 0§ ‘0Z1< [SARS M " " 000€ VS (8
" ‘ul gg bl 1asd)) oN 0Z1< £ve glpueg " " 2081 (L
*pa31sal
st Alowsw 31q-9¢Z A1up ‘utl gg -- 398dpy oN 0Z1< £€9e vou SOW) 10882201dOXDIN HY 2081 (9
(ATuo 3/4 19594 9% ZAIQ) _ - Artodig
8 *814 utr pall0Ld Tul g8 -- =01 % €< 9 01< M A%3304ds 1013u0) Butwyy 1022¢ SN (S
(A1uo +32a 319-7¢ 8)
¢ *314 ut parlold sut g8 - ¢-01 X ¢ £> 882< " u“ Jtun 34 3IeOld 180Z¢ SN (%
«pajejodeaixy
*9 *314 ut pailold cut gg - -0t x 2 [ 9e < OSN " dn 3tg-91 910Z€ SN (¢t
¢ *814 ut pallold ‘ut gg 00Z1< ¢-01 x ¢ 9> STI< any " n <808 (¢
*n *314 ur pallold
+u01399s ssoi1d pajejoderixy ‘ut g8 - =01 x ¢ 82> [94RS T4INL SORN 10883202d0Id1K $808 (1
ERELEY wxxhITTTORL (WO g 01) ##(zW0) UOTII3S  ploysdIyy $314 RPN £8o1ouysal uot3dung @914a2q
1tg 13d $801) 3d21A3Q »131
uot1dag §501) BATIDR33Y
S90TA9Q SONKW Pue SOW I03 ®eieq NAS 1 3Iqel

7-3




ORIGINAL PAGE IS

OF POOR QUALITY

1235189y (0Lz€ ¥S)
‘utr g8 - I9sdn oy §6< 8 " (5% 08) SOWD JIYS I1g-4 C6EVS  (£€

weiBoxd 4 10] MITAIdAC (692¢ VvS)
s32ed aA13 03 papniodu] *ut gg - ®IBQ ON ®ieQq ON 8 "o (A 0) SORD " 691%S (2t

(692Z€ vS)
‘ur 88 -- 3asdn on g6< 8 " (UX 08) SOWD  233uno) J1g-¢ 691%¢ (1€

wea8oad 7Tdf 10 MITAIaA0 (892€ VS)
s1aed aAa18 03 papnioul ‘ut gg - BIRQ ON ®3eq ON € “ (X 0) SOWD “ Lo%6 (0¢

1238189y (89Z¢ vS)
‘ur gg - 39s8dn oN (133 43 “ (U1 08) SOKD BIRq 11g-9 Lo%6 (62
*ul gg -- 398d) oN Si< 9 " " " {8195 (8T
rut g -- 128df oN SS~ 8 " “ doy4-d11d a 9LESTYS (L2
‘ut gg - 3asdq oN §L< 8 BIpUES " “ €LESTHS (92

Auv_hw.——ﬂh wav
ploysaiyj aeaN *ut g8 01~ 9-01 S€ 8 1231R n u €LEDSHS (92
Aevs1g

‘eut gg - 39sdp oN [YAS 8 x2312dng " " ELELOHYS (%
‘INE -- 198dp oN (938 8 “ " “ €LELOHYS (€2
‘ur g8 -~ J98dn oN SL< 8 vou " “ CLEOHYS (22
‘ut gg - 39sdp oN LYAS 8 1dS n “ CLEOHDS (1T
“ut g8 - 12sdp oN SL< 8 " » Yyaaeg €LEDHYS (02
‘ut g8 - 398dp oN LYAS Vi OSSN m " €LOHYS (61

(81€€ ¥S)
tut gg -- 188dp oy (A3 v e1puEg SORD  dotrd-d1id A/f £L5T9S (81
dnus3en ‘ur gg - y-01 X % Le> - 1av SORD AITT4TIINN VII0T dSaVv (L1

(LZZe vS)
"ut 88 - 39sdp oN 19 9T " (U1 0) SOWD " 606 (91

aaduanbag (LIEE VS)
cul 88 - 19sd} oN 001< 97 vipues (53 08) SOWD dn 314-¥ 606 (S1

) Ipway xxxk3111023 (72 g_01) *x(zW2) uorldeg ploysaayy sa1g CIIW A8oyouyday uot3dung 201A3Q
319 134 §801) 83143 »131
COmuuvw $801) 0>mu00wwm
(PaNUTIUOD) SIDTASQ SONW Pue SOW I03 eieq ndS "1 219el

7-4



38 «w

(83IBWaL 29G) pasy-pea
ploysaiyy ieay *ul gg 0§ -0l x 2°1 9 1 X Ay " 1da-SOR0 M HY 90$9 SH (%S
dnyd3e cut g8 stt g-01 x § 01 1 x3y staaey " " %059 WK (€S
i (paey pw1)
*ut gg - 39sdn oN 001< AT vou SOWD " 792 201 (TS
93¥D 15-T70
*ut g8 - I9sdn ON SL< % X 967 eypuURS SOKD “ T 001 (1S
33wy 15-1d?
*ut 88 - 198dpy oN 001~ Ay ns31lng (38%]) SOWD " A%Ov8 AW (0§
*ut gg 00€ g-01 % ¢ Le> 1 x Al 131N SOWD " 8159 WI (6%
1da-a3®g 1§
cut g8 - 39sdn on 001~ Al sd1{114d SOW/D01 “ 9¢eLy (8%
‘ut gg - 3asdp oN 0Z1< 1 X 967 " " " ao0ZIOVSHR (L%
dnyd3eq ‘ut gg 0001 z-01 ST 1 x 31 ISN SOWD " 6Z609SHH (9%
B _.Yl. *ut gg -~ 19sdg oN §L< 8 X 967 ®1pURs 143/S0HD “ 100€ VS (S%
r& nllm *uy g8 s-z1 ¢-01 % 7 0z A91 saysny " " TH0Y OHEN (%Y v
1
A - (1812313um0) ) ~
Q. o "uY 88 - 398dp oN 89~ A91 “ " “ SOET SOL  (t¥
M m cut 8§ - 3a8dn oN (321 1 x a1 " M " 1Z81 dad> (I%
W QO *ul 8¢ -- 3@sdn oN 91z< v X 962 " SOS/SOHD " 781 dad (1% ,
O o ,
~ "ut 88 - 39sdn oN 08~ 1 % 962 vou SOKD WV 190% @0 (0%
S&
*ut gg -- 319sdn on §L< 871 “ " " 1€0% G0 (6€
*ut 88 - 128d)) oN Si< Y " “ dot4-dr1d A/f q.z0%7 4) (8¢
*ut g8 -- J98dn oN §L< v " " doyg-drid @ qQe10Y @0 (L€
*ut 8§ - 328dn oN (Y43 8 vou " " 1910% 42 (9¢
*ut g8 - 198dpy ON SL< 8 PITYdatey SOWD 333uno) 31g-4 0910% @ (S€ :
weidoad T4 10J MITAIIAO 133s1day (0LZE ¥S)
s11ed 3A18 03 papnioul cut gg - BI8Q ON ®B3BQ ON 8 vlpueg (B3 0) SOWD 3I4s I1g-4 S6ENS (Wt
8 IRmay xxxkI111084 (z%° g-01) *x(zWI) UOTIIIG ploysaayl s31g ca3W A8otouyday uoljoung 901A3Q
11 384 88019 221A3Q 131
uo1323g $801) PATIVIIIY

(PoNUTIU0D) S90TASQ SONW PUe SOW 103 ®B3IeQ NS °T 9Tqel




ORIGINAL PAGE IS
OF POOR QUALITY

weaq ueyy 12331q s3jied ‘ul gg - - §>> - ONK - SOWO (319-21) @/v ESTZSNR (9L
Aesig - 19sdn oN SL< - paay}o01 SOWD Aea1y a3en L0091Ad  (S¢L
sur gg 0002 ¢-01 x 9 o1 882 anv SOWd *8ay 0414 €182 WV (%L
Amucm«ucwuuv
(M) oSv 3e dnydaey oN sut g8 - z-01 Le> g x A " " WOud 9199 KH (€L
dnyosieq ‘u1l gg - 39sdn ON Oy~ 8 % ¢IS M " WO¥d 1999 WH (2L
dnyoieq ‘ut 4g - 328dn oN Sh~ B X Z1§ stiiey “ KO¥d 1199 KH (1L
proysaayy dnysieq INg - - - 8 X g " SOWD Woud %9342 (0L
sut gg -- 5-01 te> 8 x ag “ w HOudva %982 (69
Nd - €01 X ¢°1 (1> 8 x 38 TAINI u WOud V99LT (89
%71 *814 ut paijod NG oy 10 $°g~ 1 X N9ST ns3y1fng SOWN WVNQ 95Z18 gK (L9
€1 *814 ut paliold  gon ‘4esig 000°01 170 9°1> 1 Xy " " W 71T RV (99
€1 "913 utr pailold  4on ‘Aesip 000°01 1%°0 9°1 1 x Ay anv u " 9126 WY (S9
T1 *314 uy pallold *ut gg 000€¢ =01 X 9 Leg> 8 X 4§z THINI “ “ ss18 (%9
11 *314 ut padlold *ut 8y 000z -0l x ¥ LE> 8 X 967 AWy SORN " 618 (€9
rut gg - 198dq) oN 001~ b1 " SOKWD " 8-829SY-INH (ZY
01 *31g ut pallold ‘Ut gg 09 z-01 0z T x A91 " " " HY T92S9 WH (19
cut gg -- 198dn OoN SL~ % X 967 " “ " HY 1659 WH (09
A—mehUEOUV
(A1uo ,6z) dnyde] ‘ut gg - - % X 967 “ " " 1669 WH  (6S
NG
S¢ = 137 dnyaaet ‘ut g8 00¢ 7-01 X ¢ 62> 8 X AT " 1d3/S0WD " 91$9 KH (8S
ay ‘ay dnydjeq sutr gg 1> 9-01 X &> L1> 8 X N “ A1nq/SOKRD " 9159 WH (LS
‘utr gg ooy -0l X ¥ Le< 1 %Al “ 1da-S0uD " HY 8069 WH (9§
dnyozen ‘Ut g8 0001 z-01 [3 SR ORI} §11aBH SOWD Wy 809 WH (S
$N1eWay xexf3T1108g (z@2 g-01) xx(zW2) UOTIDAS pioysaayg sitg 1IN A3ojouydal uotridung ERA X1}
I1g 234 §801) 3d1A3Q »L41
uoTIdIg §601) 8A1309334
(PonuTyuUod) S3ITASQ SONW PU®B SOW I0F ®ied NdS °1 91qel

7-6



*8U023101945 Aa|anaag *H°n 18 SITITL1O€F 23Y0 SAITTIORS ZGZ-ITI®D LYl ST JO {3JewiD Ip upp WIPURL AIW GZ 93ply Y0 ST FINNO ‘JFERIn 3p UBA UYDII[9D 8T IIDssx
1 1 11283 1 .N.S\m..;u: L€ = 131 ue yita
f25uapioul [Rwiou 3 83dnpoid UOCTSSIJ ZGZ-FIT¥D 2103 10 SuOY u0IdAIY AR 00E-0Z1 203 UIATB 1 (IJuUan(j/$19%dn) UC1IDIE 801D 3Y3 ‘Pajou IFTAIIYIO 8S3[Uflyx
’ NEu\uE\>oz ut 1ajsumi] A31a3uz Awaul] ST 13T«

" - M Si< % P1Iyd11Ra " " 919l (ST
“ - 39sdg oN LYAS % uoayidey Tzl  233unoy 31g-¢ 19196 (91
81331818234 " 00% 01 X %1 st [49 " 171 " Love (€1
*61 *314 ur pazlold 2238133y
, *81338182a-9 “ 00Z7 p-01 X { 6°2> It PITYDaTR4 " ®¥3eq 318-9 Lone (21
81 *314
ut pa3lold (°$31q 81) 13duanbag
r3a3utod enid Noe3s "uy 88 00§ §-01 X g7 0°¢ 9z " “ dn 31e-y 606 (11
Q«Wu .
— AR
1wl “-— ut p23301d  (°83IIq 81) 1a5uanbag
0] < *133jutod snyd oIS ‘ut gg 001 =01 X €< 6°2> 92 anv TLL dn 3tg-% V6067 (01
<D
, o. o *219y paijiodai uadAx0 A%K 97
| o S1 BIFP WYY 3T9-%9 A1U0 110 ooy =01 X L°2 9> w  P1TYIITRY 1svd " 1046 (6
<O ~
P o “ai1ay t
— a p2310da1 §1 ®IPP WVY 314-%9 LI1o ™~
nlm A1up  *91 314 uy pAIIOLd ‘ut 8g 000°s -0l x ¢ £°e>> " " 1LL/703 " 21062 (8
e u.
O 'e) sazay
p2310daa 81 ®IVP WVH 3Tq-%9 110
L1uo  +g1 *314 ur pailold cur gg 000°S g-01 % ¢ 9~ “ awv TLL/81 " q106Z (L
*2aay pairodai uoqa®) ASW [T
ST ®IRp WV 31¢-%9 A1uw 110 001 »-01 X & €°e> " OSN - " XV-106C (9
*a1ay pajiodaz uoqaed A L7
ST B3RP WYY 17q-%9 K{uo LID 001 -01 X 6 £°e> " JISN - " Iv-106T (S
*313y pajiodaix U0qie) A9 L7
81 ®IEP WVY 319-%9 A(u0 110 0002 g-01 X 2°1 £ee> " OSN -- " v-106Z (% ,
+aiay pajiodaa 110 ,
S1 ®I®P WVY 319-%9 A1uo cut gg 0008 ¢-01 x ¢ L~ 89 ARV 1LL/ST 32TS ITd-% Vio6ez (€
" € ¢-01 ££>1371>81 9t M M M V0066 d8s (T
‘ut gg o€~ 3-01~ €~ 9€e XIL g1 40883201d0IDTN 6866 d9S (1
syIvmay wuxk2T11983  (Zuwd 5 01) ¥x(zUJ) UOTIIAS  proysaiyy £319 “3IN A8o10uydal uot3ouny 39TA3q :
At1g 13d §8013 3214A3¢ »L31
uo131D3§ §801) dATIO9333

saotA3q aeyodig 103 ®leq N4dS ‘T 219el




uadLx0 AW 8¢

ORIGINAL PAGE Is
OF POOR QUALITY

pioysaiy: Iy ‘ut gg SL 9-0T X ¢ 41 " awv " doti~di1d a VOLSTYS  (6€
77 °814 ur pailold ‘ut gg 000% 901 % €1 y oSN " " €91STI%S (8¢
‘Ul g8 000S 901 X 2 Le> ] X1l " “ 91819 (L€
‘ut gg -- (uo3dday) sax Le> ] anv “ 133un0) 11g-y 691515  (9¢
1Z *314 vt padleyd ‘Ut gg 0002 ¢-01 x 8 9~ y 8o13I3us1g " " €LSTYS  (SE
0Z 314 ut padlold ‘utl gg 0522 ¢-01 X 6 £+ 01 % PlIYd1TRY “ do1g-d114 N/ 601ST7S (%€
238U §Z-0Z Md ‘AW 00Z< *ur 88 -- (3x) sauatsusay Le> 9 so139ul1g 1Ll s1 21D QNVN 00ST%S (€€
*ut 88 - - St 8 X1l " do1d-d11d a 9LESHS (€
‘ut gg sz1 9-01 X ¢ Le> ? PlIYdatey " " 01s€6 (1€
‘Ut gg -- - 8z< Y awv 3330425 123uUn0) I1g-y 691S%S  (OE
2pod 238p %61 INE oco.ﬂ 301 X G°% 1 k] " “ " €6T9S (62
apod 23ep 7861 NG -- -- o€ L) XIL " " €6TI7S (82
*ur g8 0s? ¢-01 Le> v " " 123uUn0) 21g-y SL1Ys (L2
1831 Oawcw wEgaq ON oeleadqg - uvn&: ON L€< L " “ - “ 8LINS AON
“ 000°S §-01 X T LE< Y oSN " " €LIYS (ST
" - J9sdn oN 0S v vou " " €LIS (92
" 0se ¢-01 0€-~ v " " dorag diia N/r €LIvs (€2
“ 000°S 501 % 2 Le> ] XIL “ " S6T19S  (TT
“ 000*S 901 X Le> ) “ “ “ S619s (12
w 000°0% €-01 X ¢ Le> 8 ISN 1L 1 " 0L19¢ (02
" -- " St~ ) X1l " " (S6%L)L6%S (61
" - M (83 L] " w 12281834 3jTYS S69S (81
" -- “ (92 % $d133ul1g 1L dorg-diid W/r €L9s (L1
*ul gg -- I9sdp oN SL< ¥ s2133u31g 171 dotd-dtid W/r 60175 (91
18wy »exkIT110%4 (w2 mlo: *x(zW2) uor3deg ploysaxyl 8319 CIIN £3o010uyd3y, uot3dung I0TA3Q
314 234 88013 IDTAI(Q »L3T
uo0131d3§ £801) JATIDIIY

(ponuTjuod) S3adTA3q Jerodrg a0 ®IRQ NAS "7 91qEL

7-8




ORIGINAL PAGE 1S
OF POOR QUALITY

wesq ueys 1a881q siied “ur g8 - -- S - “ “ (319-01) a/v €LS AV (65
gz 814 ur pailoyd *ut gg - 9-01 [ - 1av " " 296 av  (8S
8z ‘314 ur pallold rut 8§ - 9-01 st -- awv aetodig ova Z109 WY (LS

TING 231®835-11]
‘rut g8 - 9-01 X Z- L€> 8 %X A1 PIIYDaI®d 1Ll AXII0U3S Woud 1s%€6 (95
97 *814 ut pallold ‘Ul gy 000Y 7-01 X v 1> v x 962 AWy " “ Tzee (S
_ X0 ASH LY
‘uy gg 00£< €01 X L< $> AT PIIYd3TRA LL " 61vE6 (WS
_ £XQ AW 62
119 0002< 7-01< > 6%x %9 " " “ 61528 (€S
£xQ A2 67
(z *814 utl pa3IdOld NG 0001 -01 x 1 1 6 x 957 so139udlg 1LLS " z12s78 (TS
*ut g8 00§ 1 2-01 X 6°1 te> 1 Xl “ " " szviee (15
‘ul g8 0002 7-01 % T 81~ AT PIYY23TRY “ " Zviee (0§
9z *314 ur pa33l0ld ‘ut gg 0007 -1 x % 1> % X 652 “ " " IYvIEe (6%
‘ur 88 00s1 €01 x 1 9 % x91 AWV TLL1 WYY 1011e (8%
gz 814 ul paizold NG -- ¢-01 x ¢ 114 g PIIUdiTRg 1LLd pITYditey €Ledys (LY
#z *314 Ul P3IIOTd g 000¢ =01 X §*% 8 8 XI1L TLESTV 42387 €LESTVYS (99
*ur gy 0002 ¢-01 X 8 S v " " “ vu61STHS  (SY
‘ut gg 0052 501 Le> Y X1 “ “ S6STHL (WY
€z 814 uy p3allold ‘uy gg 000% »-01 X 9 (A ¢ v " " “ S6STHS (€%
‘uy gg 0005 901 X € Le> 9 " “ " 86ESTYS  (2Z¥
‘ut gg - - 8 ¥ €2139ud1g “ 2318133y 1J1uS S6ESTYS (1%
‘Ut gg 009 g-01 X ¢ €+8 8 any 1L 81 dotd-drtd @ 7LESTST (0%
SNIBWIY xxxf3TyI0Ry ANEU wlc~v #iANEoV uot1329§ PIoYsaayl 5114 b ¥ 74 K3ojouydal uotadung 3d14a9Q
a1g 13d 88010 33143Q £131 .
uo11D3§ $501) 9ATIOIIIY
AvmﬂcﬂuCOOV S3a0TA3(Q .u.m._”om,_”m 103 eleq NdS °T 214qel

7-9




DEVICE CROSS SECTION (cm?)

10

o

10

10

-2

]
w

-4

=5

—

a——
/o— " ESTIMATED WHOLE
DEVICE CROSS
J/ SECTION

MEASURED PARTIAL
DEVICE CROSS
SECTION FOR OP
REGISTERS ONLY

l I I ] ]

Figure 4.
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8085 INTEL NMOS 8-Bit Microprocessor
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Figure 5. 8085 AMD NMOS 8-Bit Microprocessor

7-11

100



1073 T T T TMR T I

~ 51

[

s

Q

[«"4

<€

< I
2

S 2t

e AVERAGE FOR EACH

5 OF EIGHT EQUAL

, REGISTERS (2 PARTS)

074 e MR 1
Z SBR,

o sp,

'G REG

[VN)

w

2 ke |
Q IBR

o

-

<

>

g 2+ .

1073 n [ ! l | |
0 5 10 15 20 25 30 35

EFFECTIVE LET (MeV,/[mg/cm?])

Figure 6. Partial Cross Section Data for Each Test Element of the
32016 NSC NMOS 16-Bit Microprocessor. The letters
identify the elements as follows: FP = Frame Pointer,
SP = Stack Pointer, SBR = Static Base Register, IBR =
Interrupt Base Register, and MR = Module Register. The
total cross section is given in Table 1.
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Figure 7. Partial Cross Section Data for a Single 32-Bit Register
of the 32081 National NMOS Floating Point Unit. The
total cross section is estimated to be 12 times the
individual register cross section. The error bars show
the spread of the average value calculated for each
part. Input patterns are denoted by '"0's'" and "l's."
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Figure 8. Partial Cross Section Data for 32201 NSC Bipolar Timing

Control Unit (Peripheral to NSC 32016 Microprocessor).
The tester measures a single 'divide-by-two' flip-flop
and a "reset'" flip-flop in either a '"1" or "0" configur-
ation, as shown. The total cross section is taken to be
equal to or greater than the sum of each flip-flop in the
worst-case 1's configuration.
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Figure 9. 80C86 Harris CMOS/epi 16-Bit Microprocessor
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HS65262RH Harris CMOS 16K x 1 SRAM
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Figure 11. 8155 AMD NMOS 256 x 8 SRAM
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Figure 12, 8155 INTEL NMOS 256 x 8 SRAM

7-18



CROSS SECTION (cm2)

10

| 1 | l I | |

0 5 10 15 20 25 30 35
EFFECTIVE LET (MeV/ [mg/cm?])

Figure 13. AM92L44 AMD NMOS 4K x 1 SRAM and
AM21L47 AMD NMOS 4K x 1 SRAM
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Figure 14. 81256 Fujitsu NMOS 256K x 1 DRAM
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Figure 15. 2901B AMD LS TTL 4-Bit Slice. This data for the
64-bit unaddressed RAM equals ~2/3 of the
total cross section.
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Figure 22. 54LS163 NSC LS TTL Synchronous 4-Bit Counter
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Figure 26. 93422 AMD TTL and 93L422 AMD LTTL 1K x 1 SRAMs.

Devices are operated at 250 kHz.
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VENDOR IDENTIFICATION CODE LIST



ADI

ATT
FSC
FuJ
GEC
GIC
HAR
HPA
HON
HUG
IDT
INL
INT

MOS
MOT
MIC
MNC
MTL
NCR
NSC
PHL

RCA
ROC
SGN
SIL
SNL
SPI
STX
TIX
TRW
WEC
XIC
ZIL

VENDOR IDENTIFICATION CODE LIST

Analog Devices

Advanced Micro Devices

American Telephone and Telegraph
Fairchild Semiconductor

Fujitsu Electronics

General Electric Corporation

General Instruments Corporation
Harris Semiconductor Corporation
Hewlett-Packard Corporation
Honeywell

Hughes Microelectronics

Integrated Devices Technology, Inc.
Intersil Electronics

INTEL Corporation

McDonnell Douglas

MOSTEK

Motorola, Inc., Semiconductor Products Division
Micron Technologies

Micro Networks

Mitel

National Cash Register

National Semiconductor Corporation
Phillips of North America Corporation
Raytheon Company

RCA Corporation, Solid State Division
Rockwell International, Semiconductor Division
Signetics Corporation

Siliconix Devices, Inc.

Sandia National Laboratories

Semi Processes, Inc.

Supertex, Inc.

Texas Instruments, Inc.

TRW, Inc., Semiconductor Division
Westinghouse

XICOR

Zilog
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APPENDIX B

UPSET RATE CALCULATIONS

B-1




Accurate upset rate calculations require a computer code to integrate the
measured device cross section over the heavy ion flux (each a function of LET)
in such a manner that additional charge deposited by ions impinging obliquely
on the device is properly accounted. This latter effect requires, in turn, a
knowledge of the three-dimensional geometry of the device sensitive volume.
Determination of the heavy ion flux is another separate problem that may
require consideration of spacecraft shielding, altitude (trajectory), orbital
inclination with respect to the equator, flare distributions, time period in
the solar cycle, earth shielding, etc. Hence, it should not be assumed that
an accurate evaluation can be made without contacting an organization
possessing such a computer code. Some of these organizations are:

JPL - Paul Robinson or Don Nichols (Pasadena, CA)
Naval Research Labs — James Adams, Jr. (Washington, D.C.)
IRT - Jim Pickel (Placentia, CA)

Nevertheless, it is useful to try to arrive at an order-of-magnitude
estimate. To zeroth order, one can estimate:

Upset Rate = A o x Flux

where A is a factor allowing for the additional effect of ions that impinge
omnidirectionally on the device, 0 is an average cross section weighted

toward a value representative of the more numerous lower LET ions, and Flux is
the number of ions/cm2/day having an LET greater than the measured threshold
LET of the device.

The factor A is itself a complex entity, which may be equal to 2 or
1,000. Note also that if there are no ions in a specified environment with an
LET greater than the measured device threshold LET, there may still be upsets
from ions impinging obliquely. In this case, the above approximation fails
completely and even a computer program is severely tested.

The environmental flux can be approximated in many cases by one of the
three broad categories given in Table B-1, '"Near Earth (30°)*" is a benign
environment, shielded by the earth's magnetic field. Only very energetic ions
(with a correspondingly low LET) are capable of penetrating the geomagnetic
field, so there are very few ions with an LET > 2 MeV/mg/cm?. Note,
however, that shielding will only slow these ions and thereby increase the
fraction having a higher LET.

The '"Near Earth (90°)*" environment is dominated by the galactic cosmic
ray environment, because these ions are capable of penetrating to low altitudes
near the earth's poles. This environment is seen to be about 1/6 that of geo-
synchronous orbit. The reduction factor arises from the earth's shielding at
low altitudes (1/2) and geomagnetic shielding over two-thirds of the orbital
path. Exact calculations available from GSFC (Goddard) by E. Stassinopoulos
are given in Table B-1.

*The angles refer to the inclination of the orbit with respect to the equator.
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The geosynchronous environment is equivalent to that present throughout
the solar system, and has been derived from a series of detailed computations
by J. Adams (Ref. 10). The tabulated environment presents a maximum galactic
flux (occurring at solar minimum) and accounts for solar flares by representing
the condition when the flux in space is less than the tabulated value 90% of
the time. These values assume 100 mil of aluminum shielding, but minor thick-
ness variations have little effect on galactic cosmic ray distributions. The
shielding is important, however, in reducing or stopping the relatively low
energy heavy ions present in flares. During the ll-year solar cycle, the
galactic flux is modulated by a factor of three or five with smaller fluxes
reaching earth during the peak period of solar activity. This advantage may
be offset by increased flare activity which actually dominates the total
unshielded fluence of heavy ions over the long run (one-year time span).

An example calculation of upset rates is given for a representative
microprocessor cross section presented in Fig. B-1 as follows. Consider the
question: What is the upset of this part in transit to Jupiter?

Answer: Take A = 3.
Perform a coarse manual integration
of cross section times flux.
Select values of an average cross-
section () from Figure B-1 versus LET.

For LET ranging from: 3 to 6, take & = 104 cm?
6 to 15, take & = 3 x 10~4 cm?
15 to 35, take 0 =7 x 10~%4 cm?

The corresponding flux interpolated from the 'geosynchronous" column of
Table B-1 is taken as:

35 - 5 = 30 ions/cmZ/day
5 - 0.5 = 4.5 ions/cm?/day
0.5 ions/cmZ/day

LET: 3 to 6, Flux
6 to 15, Flux
15 to 35, Flux

3(30 x 1074 + 13.5 x 10~% + 3.5 x 10~%)
3(4.7 x 10-3)/day
1.4 x 10~2 upsets/day

Upsets = A (£ G * Flux)

The above result is a crude estimate for one part, assuming a 100% duty
factor. For a system calculation, one must multiply by the number of such
parts, as well as by a meaningful value for the duty factor (DF). The DF will
depend on system usage as well as the internal workings of the microprocessor
(a subject beyond the scope of this report).



Table B-1. Heavy Ion Flux Environments#*

NEAR EARTH (30°)%* NEAR EARTH (90°)T GEOSYNCHRONous T
LET Flux Flux Flux
(MeV/mg/cm?) (ions/cm?/day) (ions/cmZ/day) (ions/cm2/day)

0.5 15 180 600

1 90 270

2 ~1Q—2¥** 10 50

5 10— 3%%** 1.2 6

10 {0 e dedele 0.2 1

20 <<10—6*** 3.0 x 10-2 0.15

26 (Fe) - 1.1 x 10-2 4 x 10-2
40 (Kr) - <10-> 4 x 10-5

*#90% worst-case flares and 0.68 g/cm? Al (100 mils) shielding. See pp. B-3
and B-4,

**The angle of orbital inclination is <¢30° with respect to the equator. These
calculations assume 27 steradians of space and are taken from Ref. 10,
Figure 5. These numbers are independent of altitude between 200 and 1200 km.
See also Ref. 11.

***These fluxes increase if thick shielding is included (as in the space
station), because the shield generates lower energy, higher LET ions.

trolar orbit is 90° +25° with respect to the equator. These calculations are
taken from a printout provided by E.G. Stassinopoulos of GSFC (Goddard).
These numbers are independent of altitude between 200 and 1200 km.

ffThese calculations are taken from Ref. 10, Table I, and assume that thetre

are 4w steradians of flux. This environment applies to all regions beyond
geosynchronous orbit as well.
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APPENDIX C

BEAM PARAMETERS FOR FIGURES 4 THROUGH 28



The beam parameters for each "effective LET" point of the plotted data
curves in Figures 4 through Figure 28 are given in Table C-1. Also included
are points that fall below the lowest value of the logarithmic y-axis, cor-
responding to the lowest LET point (indicated by an arrow in the figures). The
accuracy of energy values is +5%. The accuracy of LET values may be wider,
because LET is a value not yet precisely established by outside researchers,
especially for higher Z ioms.

Some people (including those at JPL) have noted that the cosine rule for
calculation of the effective LET may not always apply very accurately,
especially at higher incident beam angles. It is expected that the data of
Appendix C will accommodate those objections. It is worth noting that in con-
structing Figures 4 through 28, some ion/energy/angle points have occasionally
been omitted for various reasons. Some of these omitted points did in fact
represent inconsistencies that may have come about from a violation of the
cosine rule.

Table C-1. Beam Parameters for Figures 4 through 28*

LET
Figure (MeV/mg/cm?) (Energy) Ion Angle Test Date
4 2.8 67 MeV N 0 June 1986
5.4 82 MeV Ne 0 June 1986
14 160 MeV Ar 0 June 1986
37 241 MeV Kr 0 June 1986
5 6 24 MeV O 0 June 1983
37 165 MeV Kr 0 June 1983
74 165 MeV Kr 60 June 1983
6,7,8 3.1 58 MeV N 0 Aug. 1986
5.7 85 MeV Ne 0 Aug. 1986
14 174 MeV Ar 0 Aug. 1986
37 245 MeV Kr 0 Aug. 1986
9 2.6 118 MeV O 0 Aug. 1985
5.2 118 MeV O 60 Aug. 1985
5.5 36 MeV O 0 May and Oct. 1985
7.8 118 MeV O 70 Aug. 1985
11 36 MeV O 60 May 1985
18 88 MeV Ar 0 May and Oct. 1985
37 ~300 MeV Kr 0 Aug. and Oct. 1985

*Figures 24 through 27 are data for the CRRES satellite program, only recently
approved for publication from the JPL SPACERAD data bank. For this special
part category, we have drawn from all data available even though it was
obtained after the August 1986 cutoff date established for all other parts
data.
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Table C-1. Beam Parameters for Figures 4 through 28 (continued)
LET
Figure (MeV/mg/cm?) (Energy) Ion Angle Test Date
10 18 88 MeV Ar 0 Oct. 1985
37 ~300 MeV Kr 0 Oct. 1985
74 ~300 MeV Kr 60 Oct. 1985
11 6.0 24 MeV O 0 June 1983
8.5 24 MeV O 0 June 1983
37 165 MeV Kr 0 June 1983
74 165 MeV Kr 60 June 1983
12 6.0 24 MeV O 0 June 1983
37 165 MeV Kr 0 June 1983
43 165 MeV Kr 30 June 1983
53 165 MeV Kr 45 June 1983
13 2. 130 MeV O 0 June 1985
4, 110 MeV Ne 0 June 1985
10. 400 MeV Ar 0 June 1985
15. 160 MeV Ar 0 June 1985
37 330 MeV Kr 0 June 1985
14 3.8 20 MeV C 0 April 1986
7.6 20 MeV C 60 April 1986
16.5 75 MeV C1 0 April 1986
28 100 MeV Fe 0 April 1986
15 3.3 27 MeV C 0 Oct. 1982
7.2 49 MeV Ne 0 March 1983
16.5 93 MeV Ar 0 March 1983
37 165 MeV Kr 0 June 1983
52 130 MeV Kr 45 Sept. 1981
16 3. 27 MeV C 0 Oct. 1982
7. 49 MeV Ne 0 March 1983
16. 93 MeV Ar 0 March 1983
33 93 MeV Ar 60 March 1983
17 2. 108 MeV O 0 March 1983
7. 49 MeV Ne 0 March 1983
16. 93 MeV Ar 0 March 1983




Table C-1. Beam Parameters for Figures 4 through 28 (continued)
LET
Figure (MeV/mg/cm?) (Energy) Ion Angle Test Date
18 3.0 108 MeV O 15 March 1983
3.1 108 MeV O 20 March 1983
3.2 108 MeV O 25 March 1983
3.4 108 MeV O 30 March 1983
4.1 108 MeV O 45 March 1983
5.8 108 MeV O 60 March 1983
7.2 49 MeV Ne 0 March 1983
14 49 MeV Ne 60 March 1983
37 171 MeV Kr 0 May 1984
19 2.9 108 MeV O 0 March 1983
7.2 49 MeV Ne 0 March 1983
9.4 49 MeV Ne 40 March 1983
16.5 93 MeV Ar 0 March 1983
37 167 MeV Kr 0 Nov. 1984
20 12 28 MeV O 60 Jan. 1984
15 162 MeV Ar 0 Jan. 1984
30 162 MeV Ar 60 Jan. 1984
37 132 MeV Kr 0 Jan. 1984
21 5.1 38 MeV O 0 Mar. 1982
5.5 109 MeV O 60 April 1982
6.2 38 MeV O 35 Mar. 1982
7.2 38 MeV O 45 Mar. 1982
37 130 MeV Kr 0 April 1982
22 11.6 28 MeV O 60 Jan. 1984
15 162 MeV Ar 0 Jan. 1984
17 162 MeV Ar 30 Jan. 1984
37 132 MeV Kr 0 Jan. 1984
49 132 MeV Kr 40 Jan. 1984
58 132 MeV Kr 50 Jan. 1984
65 132 MeV Kr 55 Jan. 1984
74 132 MeV Kr 60 Jan. 1984
23 10 38 MeV O 60 March 1982
12 212 MeV Ar 0 April 1982
14 212 MeV Ar 30 April 1982
17 212 MeV Kr 45 April 1982
24 212 MeV Kr 60 April 1982
24 6.5 40 MeV O 40 Dec. 1986
7.8 40 MeV 0O 50 Dec. 1986
15 82 MeV C1 0 Dec. 1986
39 170 MeV Br 0 Dec. 1986

Cc-5



Table C-1. Beam Parameters for Figures 4 through 28 (continued)

LET
Figure (MeV/mg/cm?) (Energy) Ion Angle Test Date
25 30 82 MeV C1 60 Dec. 1986
39 170 MeV Br 0 Dec. 1986
45 82 MeV C1 70 Dec. 1986
78 170 MeV Br 60 Dec. 1986
26 1.1 76 MeV B 0 June 1987
3 58 MeV N 0 Aug. 1986
6 85 MeV Ne 0 Aug. 1986
13 174 MeV Ar 0 Aug. 1986
37 245 MeV Kr 0 Aug. 1986
27 1.1 76 MeV B 0 June 1987
2.2 76 MeV B 60 June 1987
6 49 MeV F 0 June 1987
8.5 49 MeV F 45 June 1987
12 49 MeV F 60 June 1987
15 105 MeV Cl 0 June 1987
39 160 MeV Br 0 June 1987
78 160 MeV Br 60 June 1987
28 17 87 MeV Ar 0 March 1986

35 297 MeV Kr 0 March 1986
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APPENDIX D

GLOSSARY OF TERMS



ALS—--Advanced LS technology.
BNL--Brookhaven National Laboratory.
CIT--California Institute of Technology.
CMOS—--Complementary MOS.

Cross-Section-—(Number of upsets)/(projected fluence).

CRRES--Combined Release and Radiation Effects Satellite. This is a scheduled
satellite designed to measure the effects of heavy ion radiation and other
radiation on semiconductor devices. Flight data will be compared with the
ground test data referred to in this report.

DRAM--Dynamic RAM.

DUT--Device under test.

EAROM--Electrically alterable ROM.

FET~-Field effect transistor.

Fluence--Ions/cm? or integrated flux.

Flux--Flux is the number of ions passing through a one-cm? area perpendicular
to the beam per second, measured as ions/cm?/sec.

Geosynchronous Orbit--A satellite orbit located at the height of 22,000 miles,
where the full spectrum of cosmic ray heavy ions is present.

Hard Device--An SEP-immune device.

Latchup—-Latchup is an abnormal low-impedance, high-current-density state
induced in an integrated circuit that embodies a parasitic p-n-p-n structure
operating as a silicon controlled rectifier.

LET--Linear energy transfer. This is the density of ionization deposited
along an ion track, usually measured in units of energy/density-length or
MeV/(mg/cm2). "Effective LET" refers to a calculated value of LET when the
ion impinges on the device at an angle ¢ measured from the normal.

LET (eff.) = LET (ion)/cos$¢. See the definition of 'threshold LET" on page
X.

LS-~Low-power Schottky technology.
LTITL--Low~power TTL technology.

Maverick-~A maverick device is one that displays a radiation response far
different from that of its peers.

MNOS--A metal-nitride-oxide-semiconductor device.
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MOS--A metal-oxide-semiconductor device.
NMOS--An N~channel MOS device.

PMOS--A P-channel MOS device.

PMT-—-A photomultiplier tube.
PROM--Programmable ROM.

RAM--Random access memory.
ROM--Read-only memory.

SBD--Silicon barrier detector.

SEP--Single event phenomena. This is the class of all radiation effects
induced by the passage of a single ion through a device.

SEU--Single event upset. This subset of SEP refers to an ion-induced change
of state of a bistable element. This state is "soft" if it operates correctly
upon being rewritten; it is "hard" if the fault or upset is permanent.

Soft Device-—-An SEP-susceptible device.

S0S8--Silicon-on-sapphire technology.

SRAM--Static RAM.

TTL--Transistor-transistor logic.
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